Islet antigen (IA)-2, IA-2b, and glutamate decarboxylase (GAD65) are major autoantigens in type 1 diabetes (T1D). Autoantibodies to these autoantigens appear years before disease onset and are widely used as predictive markers. Little is known, however, about what regulates the expression of these autoantigens. The present experiments were initiated to test the hypothesis that microRNAs (miRNAs) can target and affect the levels of these autoantigens. Bioinformatics was used to identify miRNAs predicted to target the mRNAs coding IA-2, IA2b, and GAD65. RNA interference for the miRNA processing enzyme Dicer1 and individual miRNA mimics and inhibitors were used to confirm the effect in mouse islets and MIN6 cells. We show that the imprinted 14q32 miRNA cluster contains 56 miRNAs, 32 of which are predicted to target the mRNAs of T1D autoantigens and 12 of which are glucose-sensitive. Using miRNA mimics and inhibitors, we confirmed that at least 7 of these miRNAs modulate the mRNA levels of the T1D autoantigens. Dicer1 knockdown significantly reduced the mRNA levels of all 3 autoantigens, further confirming the importance of miRNAs in this regulation. We conclude that miRNAs are involved in regulating the expression of the major T1D autoantigens.-Abuhatzira, L., Xu, H., Tahhan, G., Boulougoura, A., Schäffer, A. A., Notkins, A. L. Multiple microRNAs within the 14q32 cluster target the mRNAs of major type 1 diabetes autoantigens IA-2, IA-2b, and GAD65. FASEB J. 29, 4374-4383 (2015). www.fasebj.org
Islet antigen (IA)-2, IA-2b, and glutamic acid decarboxylase (GAD)-65 are major autoantigens in type 1 diabetes (T1D). Autoantibodies against these autoantigens are found in 70-80% or more of patients with newly diagnosed T1D and appear years before the onset of clinical disease (1) . These antibodies have become important diagnostic and predictive biomarkers. However, little is known about the regulation of these autoantigens.
IA-2 and IA-2b, encoded by protein tyrosine phosphatase receptor, type N (PTPRN) and PTPRN2, respectively, are integral membrane proteins of dense core vesicles (DCVs) and are highly expressed in neuroendocrine cells throughout the body (2) . These 2 proteins are members of the transmembrane protein tyrosine phosphatase (PTP) family but are enzymatically inactive with known substrates because of a critical amino acid substitution in the PTP domain (3) . Recent studies have shown that IA-2b has low phosphatidylinositol phosphatase activity (4) . Knockout of Ptprn, Ptprn2, or both in mice leads to glucose intolerance and impaired insulin secretion as a result of a decrease in the half-life and number of DCVs in b cells in the pancreas (2, 5, 6) , whereas overexpression of IA-2 in the mouse insulinoma (MIN6) cell line leads to an increase in insulin secretion and an increase in half-life and number of DCVs (2) . In addition to its effect on insulin, overexpression of IA-2 in the MIN6 cell line promotes a preapoptotic state which, upon exposure to a high concentration of glucose, results in G2/M arrest and apoptosis (3) .
GAD65, encoded by GAD2, is the major enzyme necessary for the production of the neurotransmitter GABA and is highly abundant in brain and pancreatic b cells (7) . GABA is stored in synaptic-like vesicles (8) and may have a local paracrine effect on the regulation of glucagon secretion (9) . In addition, it has been reported that GABA can play an inhibitory role in inflammation and autoimmunity in mice and can regulate the survival and replication of human b cells (10) . In normal isolated islets, exposure to glucose for 6-96 h can specifically increase the transcription of Gad2 (coding GAD65) (11, 12) . Likewise, Abbreviations: Ago2, argonaute 2; C14MC, chromosome 14 mega cluster; CYP21A2, 21-hydroxylase; DCV, dense core vesicles; Dicer1, ribonuclease type III gene; GAD65, glutamic acid decarboxylase; IA, islet antigen; IG-DMR, intergenic differentially methylated region; MEG3-DMR, maternally expressed gene 3 differentially methylated region; MIN6, (continued on next page) glucose stimulation of MIN6 cells and mouse islets results in increased transcription of both Ptprn and Ptprn2 (coding IA-2 and IA-2b, respectively) (13) . Thus, GAD65, IA-2, and IA-2b are all responsive to high levels of glucose and are linked to both secretory pathways and b-cell apoptosis/ survival. Moreover, a whole-genome expression analysis comparing pancreatic islets from controls and deceased patients who had T1D found that the expression level of different T1D autoantigens-insulin, GAD65 (GAD2), IA-2 (PTPRN), IA-2b (PTPRN2), islet-specific glucose-6-phosphatase (IGRP; G6PC2), and ZnT8 (SLC30A8)-were markedly reduced in the T1D islets (14) . These findings support the possibility that in addition to serving as disease markers, these proteins are aberrantly regulated in patients with T1D and, as such, play an active role in disease pathogenesis. MicroRNAs (miRNAs) are endogenous, small, noncoding RNA sequences (21-23 nucleotides) that function as posttranscriptional regulators by binding the 39UTR of their target mRNAs, leading to translational repression, transcript degradation, or both (15) . The miRNA expression profile of b cells is altered in both type 1 and type 2 diabetes, suggesting that miRNAs are involved in the disease process (16) . Indeed, miRNA inactivation in b cells of adult mice results in a diabetic phenotype (17) and several miRNAs (e.g., miR-375, -24, and -7) are crucial for normal pancreatic development and function (18) . miRNAs also are known to play an important role in the development of the immune system and in innate and adaptive immune responses (19, 20) . Increasing evidence also links miRNA deregulation to the pathogenesis of autoimmune disorders and to humoral responses against autoantigens (21, 22) .
It is estimated that .40% of miRNAs are located near at least 1 other miRNA, and some of them are organized in larger clusters (23) . Clustered miRNAs correlate highly in expression across 24 different human organs (24) , where they may target the same gene or a group of functionally related genes in the same pathway (15, 25) .
The present experiments were initiated to look for miRNAs that regulate the expression of the major T1D autoantigens IA-2, IA-2b, and GAD65, with emphasis on miRNA clusters that contain multiple miRNAs that are predicted to target one or more of these autoantigens.
MATERIALS AND METHODS
Bioinformatics identification of miRNAs, potential targets, and miRNA clustering miRNAs predicted to target PTPRN, PTPRN2, and GAD2 were identified by using the Targetscan (release 5.2; Whitehead Institute for Biomedical Research, Cambridge, MA, USA) and miRWalk (Ruprecht-Karls-Universität Heidelberg, Mannheim, Germany) algorithms, combined with a literature query for pancreatic expression, glucose sensitivity, and T1D association. miRBase (Griffith-Junes Lab, University of Manchester, Manchester, United Kingdom) and GenBank (National Center for Biotechnology Information, Bethesda, MD, USA) were used to determine the genomic location and mature sequences of each of these miRNAs.
miRNA clusters were identified with MetaMirClust (http://fgfr. ibms.sinica.edu.tw/MetaMirClust/MirClustStat.php/, Center for Sustainability Science, Academia Sinica, Taiwan) with a threshold of 500 kb.
MIN6 cell line
Cells were cultured at 37°C in 95% air and 5% CO 2 in DMEM supplemented with 15% heat-inactivated fetal bovine serum, 2 mM L-glutamine, and 0.1 mg/ml penicillin/streptomycin. Glucose concentration in MIN6 growth medium was 25 mM, unless otherwise stated.
Mouse islets
Experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals [National Institutes of Health (NIH), Bethesda, MD, USA] and have been approved by the Animal Subjects Review Board of the National Institute of Dental and Craniofacial Research/NIH. Islets from 3-to 6-mo-old C57BL/6 female mice were isolated, with slight modification of the published method (26) , according to the manufacturer's protocol for collagenase P (Roche, Indianapolis, IN, USA). The mice were euthanized, and collagenase P solution (1 mg/ml) was injected into the bile duct to inflate the pancreas, followed by removal and incubation at 37°C for digestion until the pancreas formed a milky solution with only a few clumps. After digestion, islets were purified in density gradient Histopaque1077, 1083, and 1119 (Sigma-Aldrich, St. Louis, MO, USA). Islets were manually selected, washed in Krebs-Ringer 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, and cultured overnight in RPMI 1640 full medium (supplemented with 15% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin) containing 5 mM glucose.
Glucose-stimulated gene expression assay in MIN6 cells and mouse islets
Gene expression assays were performed as described elsewhere (13) . MIN6 cells were washed with PBS 31 and transferred to lowglucose DMEM (5 mM glucose) for 72 h, to adjust to normal glucose conditions (5 mM), because their regular growth medium contains high levels of glucose (25 mM Total RNA, miRNA, and quantitative real-time PCR Total RNA and miRNA were extracted with the miRNeasy Mini kit (Qiagen, Germantown, MD, USA), according to the manufacturer's protocol. RNA (200-600 ng) was used for cDNA (continued from previous page) mouse insulinoma (cell line); miRNA, microRNA; PTPRN, protein tyrosine phosphatase receptor, type N; qReal-time PCR, quantitative real-time PCR; RIP, RNA immunoprecipitation; RISC, RNAinduced silencing complex; siRNA, short interfering RNA; T1D, type 1 diabetes; TG, thyroglobulin; TGM, transglutaminase; TPO, thyroid peroxidase synthesis by the miScript II reverse transcription kit with HiFlex buffer (Qiagen) for simultaneous conversion of all RNA and miRNA species into cDNA. cDNA then was subjected to quantitative (q)real-time PCR analysis. Mature miRNA expression analysis was performed in duplicate or triplicate with the miScript SYBR Green PCR Kit (Qiagen), using forward primers that overlapped the specific mature miRNA sequences (primers available upon request); matched with Universal Primer (Qiagen); and normalized to the expression level of the U6 small nuclear RNA. Gene expression analysis was performed in duplicate or triplicate with mRNA-specific primers and SYBR Green PCR Master Mix (Life Technologies-Applied Biosystems, Grand Island, NY, USA) and normalized to b-actin or Dhfr as controls. Samples were run on the 7500 Real-Time PCR System (Life TechnologiesApplied Biosystems) platform in the following conditions: initial activation step, 15 min at 95°C, followed by 40 cycles of denaturation for 15 s at 94°C, annealing for 30 s at 55°C, and extension for 30 s at 72°C. Relative expression was calculated based on the 2 2DDCt method, using the following formula:
siRNA-mediated knockdown of Dicer1
For targeted knockdown of Dicer1 expression, MIN6 cells were transfected separately with 4 different Flexitube short interfering RNAs (siRNAs) (Qiagen) directed against the mouse Dicer1 sequence: target site1, ATCGATCATATGTCCAGTCTA; target site 2, AACGGATCTTACAGCAATTAA; target site 3, CACCATATC-CATCGAGCTGAA; and target site 6: CAGGAGGAGGTACT-TAGGAAA. As controls, we used a mock transfection and AllStars negative control siRNA (Qiagen), which has no homology with any known mammalian genes. Cells were transfected in replicate in 24-well plates with 50 nM siRNA in the presence of HiPerfect Transfection Reagent (Qiagen) and harvested for RNA 48 h after transfection. qReal-time PCR analysis for Dicer expression levels was performed according to the conditions described above, with Dicer1 QuantiTect Primer Assay (cat. QT00114702; Qiagen), and calculated relative to the expression level of Dhfr.
Western blot analysis
Whole-cell extracts from MIN6 cells were prepared in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA). Equal amounts were run on Criterion precast gels (Bio-Rad), blotted to PVDF membrane (Millipore, Billerica, MA, USA), and treated with anti IA-2b (PTPRN2 antibody C18297; Assay Biotech, Sunnyvale, CA, USA) or anti-GAD65 (Pierce PA5-21297; by ThermoScientific, Rockford, IL, USA). The antibody a-tubulin (T5168, Sigma-Aldrich) was used as the loading control. Images were quantified with Image J software.
miRNA mimic and inhibitor transfections
MIN6 cells and fresh mouse pancreatic islets were transfected in replicate experiments with miRNA mimics, inhibitors, or controls (Qiagen, see list below), with HiPerfect Transfection Reagent (Qiagen), used according to the manufacturer's instructions, and processed for expression and Western blot analyses 72 h after transfection. Because many of these miRNAs are induced by high levels of glucose, for the transfections with the different miRNA inhibitors and appropriate controls, MIN6 cells were grown in normal (5 mM) glucose conditions for 72 h before transfection and throughout the 72 h incubation time after transfection.
Mouse pancreatic islets were transfected as intact islets without disrupting their structure [adapted from Lakey et al. (27) with modifications]. Freshly isolated islets were plated in 24-well plates and allowed to recover for 24 h. Each well containing 40-50 islets was transfected separately (HiPerfect transfection reagent; Qiagen) with the different miRNA mimics, inhibitors, or negative controls and subjected to RNA and miRNA extraction (miRNeasy kit) and qReal-time PCR, 72 h after transfection.
The following miRNA inhibitors, mimics, and controls (Qiagen) were used for the transfection experiments: negative controls: Miscript inhibitors negative control and AllStars negative control siRNA. miRNA inhibitors: anti-mmu-miR-541-5p (cat. MIN0003170); anti-mmu-miR-665-3p (cat. MIN0003733); anti-mmu-miR-495-3p (cat. MIN0003456); anti-mmu-miR-370-3p (cat. MIN0001095); anti-mmu-miR-487b-3p (cat. MIN0003184); anti-mmu-miR-654-5p (cat. MIN0004897); anti-mmu-miR-758-3p (cat. MIN0003889); anti-mmu-miR-409-3p (cat. MIN0001090); anti-mmu-miR-377-3p (cat. MIN0000741); anti-mmu-miR-485-5p (cat. MIN0003128); anti-mmu-miR-337-3p (cat. MIN0000578); and anti-mmu-miR-342-3p (cat. MIN0000590). miRNA mimics: syn-mmu-miR-370-3p (cat. MSY0001095); syn-mmu-miR-665-3p (cat. MSY0003733); synmmu-miR-541-5p (cat. MSY0003170); syn-mmu-miR-495-3p (cat. MSY0003456); syn-mmu-miR-337-3p (cat. MSY0000578); and synmmu-miR-342-3p (cat. MSY0000590).
RNA immunoprecipitation PCR with anti-argonaute 2 miRNA:mRNA immunoprecipitation was performed with the Magna RNA immunoprecipitation PCR (RIP) kit (Millipore) according to the manufacturer's protocol. MIN6 cells were transfected with either the negative control or miR-342-3p mimic. At 72 h after transfection, the cells were washed with ice-cold PBS 31 and removed by scraping. The cell pellets were lysed in 200 ml complete RIP lysis buffer. A portion (10%) of the cell lysate was taken before precipitation, as the input fraction. Whole-cell lysate (100 ml) was incubated with 900 ml RIP buffer containing magnetic beads conjugated with 5 mg rat monoclonal anti-argonaute (Ago)2 antibody clone.11A9 (SAB4200085; Sigma-Aldrich) or negative control IgG and rotated overnight at 4°C (bound fraction). Samples were washed 6 times with RIP wash buffer and incubated with proteinase K buffer at 55°C for 30 min with shaking for protein digestion. Total RNA was extracted by the phenol:chloroform method. Pellets were precipitated in 10 ml of water, and equal amounts (40 ng) of RNA were used for reverse transcription and qReal-time PCR with mRNA-specific primers. Results were calculated as relative enrichment of bound over input fraction, using the equation: 2 (input -bound) target gene/2 (input -bound) control gene. Gapdh and b-actin served as controls.
Statistical analysis
One-way ANOVA, followed by the Bonferroni correction, was performed for multiple-group comparisons. The 2-tailed Student's t test was used for comparison between 2 groups. Statistical analysis was performed with Prism 6 software (GraphPad, San Diego, CA, USA). P , 0.05 indicated statistical significance. To evaluate the density of miRNAs on 14q32, predicted to target PTPRN, PTPRN2, and GAD2, we used a x 2 test and wrote a program in C to simulate random placement of miRNAs in clusters.
RESULTS
The major T1D autoantigens and miRNA clusters Using the TargetScan and miRWalk algorithms, we identified 419 miRNA precursors that are predicted to target the mRNA of PTPRN (coding IA-2), PTPRN2 (coding IA-2b), and/or GAD2 (coding GAD65). To our surprise, we found that 32 of these miRNAs are located on the same genomic region in human chromosome band 14q32, within the largest human miRNA cluster, also known as the C14MC (Chr 14 mega cluster) that contains 56 miRNAs. This cluster was of particular interest, because many of its miRNAs have been reported to be glucose sensitive and are expressed in pancreatic islets (28, 29) . Furthermore, a Genome Wide Association Study has found that the 14q32 miRNA cluster is associated with altered susceptibility to T1D (30) . Specifically, the most strongly associated SNP rs941576, located within this region (GRCh37.p5: 101306045), has been found to be involved with a paternally inherited risk of T1D (30) .
To evaluate the significance of the observation that 32 of 56 miRNAs in the cluster are predicted totarget at least 1 of the 3 autoantigens, we reasoned that there are 1881 miRNA precursors across the human genome (as reported by miRBase).
In
predicted to target at least 1 of the 3 autoantigens, reside in the 14q32 has a 1-sided P , 2e-09, by x 2 test. Furthermore, a more cautious simulation that treats as a positive event any random assignment of the miRNAs to clusters, in which 32 or more miRNAs of 419 fall in any large cluster (chromosome 14 or 19), yielded an empirical P , 8e-08, by simulation with 1 billion replicates. We therefore decided to focus on this miRNA cluster.
Analysis ( Fig. 1A ; Supplemental Table 1 ) revealed that 12 miRNAs from this cluster are predicted to target PTPRN2 (Fig. 1A, green ovals) ; 6 to target GAD2 (pink ovals), 2 to target PTPRN (blue ovals), 7 to target both PTPRN and PTPRN2 (half blue/half green oval), 3 to target both PTPRN2 and GAD2 (half green/half pink ovals), 1 to target both PTPRN and GAD2 (half blue/half pink oval), Figure 1 . A) The 14q32 miRNA cluster. Gray boxes represent some of the genes on the cluster, lollipops represent the 2 DMRs (IG-DMR and MEG3-DMR). Distances and locations are not drawn to scale. Ovals represent miRNAs predicted to target PTPRN2 (green), PTPRN (blue), GAD2 (pink), or both PTPRN2 and PTPRN (half green/blue ovals), PTPRN and GAD2 (half blue/pink ovals), PTPRN2 and GAD2 (half green/pink ovals), or all 3 (green/blue/pink oval) based on TargetScan and miRWalk target prediction algorithms. B) miRNA expression after glucose stimulation in mouse islets. qReal-time PCR analysis of the 12 miRNAs in the 14q32 cluster (predicted to target Ptprn2, Ptprn, and Gad2) after glucose stimulation for 72 h (16.7 mM; white) compared with exposure to 3.3 mM glucose for 72 h (black) in freshly isolated mouse islets. *P , 0.04, **P , 0.005. C ) miRNA expression after glucose stimulation in the MIN6 cell line. qReal-time PCR analysis of the same 12 miRNAs after glucose stimulation for 72 h (16.7 mM glucose, white vs. 3.3 mM, black) in the mouse insulinoma cell line MIN6. *P , 0.04, **P , 0.01. Fold change is presented as 2
2DDCt
, relative to the small nuclear RNA gene U6. Vertical lines represent SD. Experiments were repeated at least 3 times. and 1 to target all 3 autoantigens (green/pink/ blue oval). We then prioritized these miRNAs based on their target conservation between human and mouse (Supplemental Table 1 ), autoantigenic target prediction rate, and possible relevance to T1D or autoimmunity in general. To confirm their interaction with Ptprn, Ptprn2, and Gad2, we focused on 12 of these miRNAs for further analyses.
Using qReal-time PCR we analyzed the expression levels of the 12 miRNAs in mouse islets (Fig. 1B) and in the MIN6 cell line (Fig. 1C) . Upon stimulation of mouse islets with high glucose, mir-370, -495, -654, -487b, -377, -541, and -409 showed significant overexpression, whereas miR-342 and -337 showed a significant reduction in their expression (Fig. 1B) . Some of these changes were also observed, although to a lesser extent, in MIN6 cells (Fig. 1C) , with the exception of miR-342, which showed an increase in MIN6 cells. This discrepancy in expression levels could result from a lower sensitivity to glucose in the MIN6, which is a transformed cell line, as compared to freshly isolated mouse islets, which include a heterogeneous cell population. In addition, all 12 miRNAs gave detectable PCR products at a relatively low cycle number (17-26 cycles) in mouse islets and MIN6 cells. These results show that the 12 miRNAs from the 14q32 cluster, predicted to target the major T1D autoantigens, are highly expressed in islets and that at least 10 of the 12 miRNAs are sensitive to glucose levels in mouse islets and the MIN6 cell line.
To determine whether miRNAs play a role in autoantigen regulation, we transiently transfected MIN6 cells with different siRNAs designed to target mouse Dicer1 (NM_148948), which mediates the final process of miRNA maturation (31) . We chose to focus on the short-term effect of transfection to avoid the involvement of downstream and possible feedback loop pathways on gene expression. At 48 h after transfection with Dicer1 siRNA, Dicer1 levels were found to be reduced by ;40% and a significant reduction also was observed in the mRNA level of all 3 autoantigens, as compared to scrambled and mock transfection controls (Fig. 2A) . These results show that miRNAs play a role in the regulation of the 3 T1D autoantigens, either directly or indirectly.
Ptprn, Ptprn2, and Gad2 levels are increased by miRNAs inhibitors in MIN6 cells
To assess whether the 12 miRNAs affect the expression of their predicted target genes (i.e., the genes coding the 3 major autoantigens IA-2, IA-2b, and GAD65) we used specific miRNA inhibitors for the respective miRNAs. After transfection of MIN6 cells with the different miRNA inhibitors, we analyzed the endogenous target gene expression. Ptprn levels showed an overall increase in Figure 2 . Endogenous target expression after transfection with Dicer siRNA and with the different miRNA inhibitors in MIN6 cells. qReal-time PCR analysis of expression. A) Transient transfection with siRNA for Dicer1, relative to transfection with a negative scrambled sequence and mock transfection. *P , 0.05, **P , 0.002, P , 1.3e-05. B) Ptprn expression levels after transfection with miRNA inhibitors for 72 h. *P , 0.03, **P , 0.002. C ) Ptprn2 expression levels after transfection with miRNA inhibitors for 72 h. *P , 0.04. D) Gad2 expression levels after transfection with miRNA inhibitors for 72 h. *P , 0.04, **P , 0.002. Fold change is presented as 2 2DDCt relative to a transfection control samples and normalized to Dhfr or b-actin. Vertical lines represent SD. All experiments were repeated at least 3 times. expression with significant increases after transfection with miR-665, -370, -758, or -541 inhibitors (Fig. 2B) . Ptprn2 showed a similarly significant increase in its expression after transfection with the miR-342, -654 or -541 inhibitors (Fig. 2C) . Finally, Gad2 showed a significant increase in expression after transfection with miR-370 or -495 inhibitors (Fig. 2D) . As a control, miR-487b, which was predicted not to target any of the 3 autoantigens, was included in the 12 miRNAs used for the inhibitor screen, and no change in the expression of Ptprn, Ptprn2, or Gad2 was observed after transfection with the miR-487b inhibitor.
Ptprn, Ptprn2, and Gad2 levels are decreased by miRNAs mimics in MIN6 cells
Based on the initial miRNA inhibitor screen, we focused on 5 of the miRNAs that showed a significant effect on at least 1 of their target genes. As seen in Fig. 3A , overexpression of miR-665 with its mimic led to a significant reduction in the endogenous level of Ptprn. Overexpression of miR-342 with its mimic resulted in a significant decrease in the expression of both Ptprn (Fig. 3A) and Ptprn2 (Fig. 3B) . Likewise, overexpression of the miR-370 mimic led to a significant reduction in the expression of Gad2 (Fig. 3C) . Because both miR-342 and -665 mimics led to a significant reduction in Ptprn and are also predicted to target Ptprn2, we asked whether transfection with both of these mimics would result in an even greater reduction in the levels of their targets. Indeed, the combination of miR-342 and -665 mimics led to an ;70% reduction in Ptprn and ;55% reduction in Ptprn2 levels, whereas no significant change was observed with Gad2, which was not a predicted target (Fig. 3D) . The change in Ptprn and Ptprn2 showed that the combination of mimics was more effective than either mimic alone.
Mir-342 affects IA-2b through direct interaction with its mRNA in RNA-induced silencing complexes
To analyze in greater depth the interaction between a miRNA and its target gene, miR-342 was chosen for further study. MIN6 cells were transfected with the miR-342 mimic, and protein was extracted. Equal amounts of protein extracts were used for Western blot analysis with IA-2b antibody or a-tubulin (Fig. 4A, left) Our results (for all blots), quantified by Image J (Fig. 4A, right) showed an ;50% reduction in IA-2b antigen levels after miR-342 overexpression.
To confirm that there is a direct interaction between miR-342 and its targets, we used the RIP assay (32, 33) , with Figure 3 . Endogenous target levels after overexpressing different miRNAs in MIN6 cells by using mimic transfections. A) Ptprn expression levels 72 h after transfection with miRNA mimics. *P , 0.05, **P , 0.01. B) Ptprn2 expression levels 72 h after transfection with miRNA mimics. *P , 0.04. C ) Gad2 expression levels 72 h after transfection with miRNA mimics. *P , 0.05. D) mRNA expression level of all 3 autoantigens 72 h after transfection with a combination of miR-342 and -665 mimics. *P , 0.004, **P , 0.002. Analyses were performed by qReal-time PCR. Fold change is presented as 2 2DDCt relative to a transfection control samples and normalized to Dhfr or b-actin. Vertical lines represent SD. All experiments were repeated at least 3 times.
an antibody that recognizes Ago2, a core component of the RNA-induced silencing complex (RISC) (33, 34) , followed by reverse transcription and qReal-time PCR with primers specific for Ptprn2, Ptprn, and Gad2, to determine their levels of enrichment within the RISCs before and after overexpression of miR-342 in MIN6 cells. Our results showed that Ptprn, Ptprn2, and Gad2 (Fig. 4B) were present in the Ago2-IP (bound) fraction in MIN6 cells, as compared to their background levels in the anti-IgG-IP (bound) fraction, and that overexpression of miR-342 in these cells led to a significant enrichment of Ptprn mRNA and a modest but significant enrichment of Ptprn2 mRNA within the RISCs. As expected, since Gad2 is not a predicted target of miR-342, overexpression of miR-342 did not lead to an increase in the enrichment of Gad2 mRNA in the RISCs (Fig. 4B) . These findings confirm that the mRNAs
DISCUSSION
In this study, we searched for miRNAs that are predicted to target the mRNAs of 1 or more of the major human T1D autoantigens (i.e., IA-2, IA-2b, and GAD65) and found that 32 such miRNAs are located in the same miRNA cluster (Fig. 1A) . Many of these targets also are conserved between human and mouse (Supplemental Table 1 ). Although our search for clustered miRNA organization yielded several smaller clusters with miRNAs predicted to target these autoantigens, we chose to focus on the largest one, 14q32 (also known as C14MC), for several reasons. First, it had, by far, the largest number of miRNAs predicted to target the T1D autoantigens, many of its miRNAs were known to be expressed in pancreatic islets, and some of them were also known to be glucose-sensitive (29) . Second, this cluster has been found to be associated with a paternally inherited risk for T1D (30) and several of its members have been found to be differentially expressed in patients with T1D (35, 36) . Third, several of the 14q32 miRNAs target important genes involved in pancreatic development and regeneration (35, 37, 38) and are altered in immune responses and also in some immune-related diseases and disease models (39) (40) (41) .
We then confirmed that the expression level of 12 of these miRNAs is altered in response to glucose stimulation in both freshly isolated mouse islets and in MIN6 cells (Fig. 1B, C) and also confirmed the effect of some of these miRNAs on the endogenous levels of their predicted autoantigenic targets by transfection with miRNA inhibitors and mimics (Figs. 2, 3 ). Our experiments further showed a bidirectional effect of 3 of these miRNAs on the mRNA of their targets: miR-665 on Ptprn, miR-342 on Ptprn2, and miR-370 on Gad2. Furthermore, transfection with a combination of miR-342 and -665 mimics showed a more robust effect on the mRNA of both Ptprn and Ptprn2. At the protein level, transfection with miR-342 mimic led to an ;50% reduction in IA-2b protein and to a lesser extent after miR-665 and -541 mimics (data not shown). We were not able to detect significant changes in protein levels after transfection with the various miRNA inhibitors, suggesting that their effect may be too mild to detect in Western blot analysis. In fact, many miRNAs act more as rheostats than as on-off switches, and their downstream effects often are determined by the tissue context and the sum of effects on their specific set of target genes expressed in that tissue. However, a more robust effect of miRNAs is observed in certain situations, such as cancer, in which specific miRNAs may play a major role in the pathologic processes, and, depending on the type of tumor and set of target genes expressed, some miRNAs could have a dual life/death role as tumor suppressors or oncogenes (42) . Nevertheless, our Dicer knockdown ( Fig. 2A) and RIP (Fig. 4B) analyses showed that the mRNA levels of all 3 T1D autoantigens-Ptprn, Ptprn2 and Gad2-are regulated by miRNAs, both directly and indirectly. Of the 12 miRNAs that we focused on, in the 14q32 cluster, inhibitors and mimics confirmed that 5 of them target Ptprn, 3 target Ptprn2, 2 target Gad2, and many more of them are predicted to target at least 1 autoantigen (Fig. 5) . Thus, the 14q32 cluster represents a major network of miRNAs that target 3 of the major auotantigens in T1D. Because IA-2, IA-2b, and GAD65 all increase in response to glucose (11) (12) (13) and because most of the miRNAs in this study also showed an increase in response to glucose, we postulate that in normal conditions, these miRNAs play a role in keeping the level of the major T1D autoantigens from going out of balance as a result of alterations in glucose levels. In addition to glucose, a previous report notably showed that exposure of rat pancreatic islets to a combination of proinflammatory cytokines (IL-1b, IFN-g, and TNF-a) leads to changes in the expression of several miRNAs, including 4 from the 14q32 cluster: miR-541, -337, -370, and -127 (43) .
Although the 32 miRNAs in the 14q32 cluster are only a fraction of the total miRNAs in the genome that are predicted to target the major T1D autoantigens, they reside within 1 cluster and are affected by similar stimuli, which increases their potential impact as a regulatory unit and their likelihood of being involved in complex phenotypes such as T1D or related autoimmune diseases, as compared to individual miRNAs scattered throughout the genome.
Of particular interest, the14q32 miRNA cluster is imprinted on the paternal chromosome and is expressed exclusively from the maternal chromosome with the exception of miR-342 which is embedded in the EVL gene. Experiments to evaluate the imprinting status of miR-342 under normal conditions have been inconclusive (44) . Genomic imprinting is an epigenetic phenomenon in which a subset of mammalian autosomal genes are expressed in a parent-of-origin-specific manner. Most imprinted genes are clustered within large chromosomal domains. The imprinting of the 14q32 cluster is controlled, at least in part, by a germline-derived primary intergenic differentially methylated region (IG-DMR) and a postfertilization-derived secondary differentially methylated region [maternally expressed 3 (MEG3)-DMR], both are located between Figure 5 . A glucose-sensitive miRNA network. Glucose (brown circle) affects the expression levels of (at least) 11 different miRNAs from the 14q32 cluster (half ovals) that in turn target the genes Ptprn, Ptprn2, and Gad2, which encode, respectively, 3 of the major T1D autoantigens: IA-2, IA-2b, and GAD65. Arrows: miRNA targets. Some of these miRNAs target more than 1 gene (2 or 3 arrows originating from the same miRNA). Dark arrows: confirmed targets. the paternally expressed delta like 1 homolog (DLK1) gene and the MEG3 gene (Fig. 1A) (44, 45) . In addition, imprinting defects for various imprinted regions have been described in transient neonatal diabetes (46) and in several syndromes characterized by obesity or other diabetic features, such as Prader-Willi syndrome (47) . Thus, inappropriate miRNA responses, possibly caused by aberrant methylation or imprinting defects affecting the 14q32 miRNA cluster, have the potential to provoke outof-balance responses to glucose or other stimuli that could lead to aberrant autoantigen expression. miR-342 has been shown to be altered in regulatory T cells from patients with T1D (36) , and 3 genetic variations in a putative promoter of miR-541 have been identified in patients with T1D by direct sequencing (35) , suggesting a clinical link between miRNAs within the 14q32 cluster and T1D.
Because it is well known that many patients with T1D are at greater risk of development of other autoimmune diseases, we hypothesized that different miRNAs from the same14q32 cluster would target other diseaserelated autoantigens. Using the TargetScan and miRWalk algorithms, we found multiple miRNAs in the 14q32 cluster that are predicted to target transglutaminase 2 (TGM2), thyroid peroxidase (TPO), thyroglobulin (TG), and 21-hydroxylase (CYP21A2), which are the major autoantigens in celiac disease, autoimmune thyroid disease, and Addison's disease, respectively ( Table 1) . Further investigation of this region could shed light on the mechanisms leading to the development of several autoimmune diseases in some patients with T1D, whereas these diseases do not develop in other patients with T1D. The fact that so many miRNAs in the 14q32 cluster are predicted to target autoantigens in T1D and related autoimmune diseases suggests that this network regulates autoimmune processes and that T1D and its related autoimmune diseases may share a common epigenetic mechanism. 
